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Summary 
Objectives:  Mathematical modeling of the 
cardiovascular system is a powerful tool to 
extract physiologically relevant information 
from multi-parametric experiments. The pur-
pose of the present work was to reproduce by 
means of a computer simulator, systemic and 
coronary measurements obtained by in vivo 
experiments in the pig. 
Methods:  We monitored in anesthetized 
open-chest pig the phasic blood flow of the 
left descending coronary artery, aortic pres -
sure, left ventricular pressure and volume. 
Data were acquired before, during, and after 
caval occlusion. 
Inside the software simulator (CARDIOSIM©) 
of the cardiovascular system, coronary circu-
lation was modeled in three parallel branch-
ing sections. Both systemic and pulmonary cir-
culations were simulated using a lumped pa -
rameter mathematical model. Variable elast -
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ance model reproduced Starling’s law of the 
heart.  
Results: Different left ventricular pressure-
volume loops during experimental caval oc-
clusion and simulated cardiac loops are pre -
sented. The sequence of coronary flow-aortic 
pressure loops obtained in vivo during caval 
occlusion together with the simulated loops 
reproduced by the software simulator are re-
ported. Finally experimental and simulated in-
stantaneous coronary blood flow waveforms 
are shown. 
Conclusions: The lumped parameter model 
of the coronary circulation, together with the 
cardiovascular system model, is capable of re-
producing the changes during caval occlu-
sion, with the profound shape deformation of 
the flow signal observed during the in vivo 
 experiment. In perspectives, the results of 
the present model could offer new tool for 
studying the role of the different determi -
nants of myocardial perfusion, by using the 
coronary loop shape as a “sensor” of ven-
tricular mechanics in various physiological 
and pathophysiological conditions. 
Introduction 
Computer simulation is a valid approach to 
the in vitro study of coronary blood flow 
(CBF) and cardiac hemodynamics as it 
mimics a defined number of experimental 
variables [1, 2]. Mosher et al. [3] studied 
 coronary autoregulation and featured the 
coronary pressure-flow diagram as the best 
way of describing coronary flow reserve. This 
graphical representation putting into rela -
tion instantaneous aortic pressure and cor -
onary blood flow allows to study the 
phases of the coronary flow during the car-
diac cycle [4, 5] in different hemodynamic 
conditions.  
The purpose of the present work was to re-
produce by means of a computer simulator 
the systemic and coronary measurements ob-
tained by in vivo experiments performed at 
the Institute of Clinical Physiology in Pisa, 
Italy.  
Circulatory conditions were reproduced 
by a numerical simulator of the cardiovascu-
lar system (CARDIOSIM©) [6–9]. This soft-
ware is able to represent the entire circulation 
using a lumped parameters model and allows 
the simulation of the most relevant circula-
tory phenomena. Ventricular function is re-
produced using the variable elastance model. 
Coronary circulation was reproduced by 
three parallel vascular networks, simulating 
the microcirculatory beds of left ventricular 
(LV) wall subendocardial, middle and sub-
epicardial layers. The model was developed 
by lumped parameters representation based 
on the intramyocardial pump concept [10, 
11]. 
Our preliminary study for systemic and 
coronary measurements by means of com-
puterized simulator was reached through two 
steps. Firstly, we defined a mathematical 
model capable of reproducing the shape of 
the instantaneous waveforms of relevant ex-
perimental hemodynamic signals. Then we 
obtained the curves of the instantaneous re -
lationships between related variables, i.e. left 
ventricular pressure-volume loop and coro -
nary flow-aortic pressure loop.  
Methods 
The preliminary study was conducted on an 
anesthetized open-chest pig (female, 40 kg of 
body weight). Phasic blood flow of the left de-
scending coronary artery (LAD) was moni-
tored by electromagnetic flowmeter (BL 613, 
Biotronex Laboratory, Inc., Silver Spring, 
MD, USA), while aortic pressure and LV 
pressure were measured by catheter-tip pres -
sure transducers (Mikrotip Catheter, Millar 
Instruments, Houston, TX, USA). LV volume 
was measured by conductance catheter sys-
tem (Leycom, Sigma 5 DF mod, Leiden, The 
 Netherlands). By insertion of a small fluid-
 filled cannula inserted into the LAD, we ad-
ministered intracoronary continuous infu-
sion of adenosine (buffered solution 0.6 mg/
ml, pH 7.4, at a perfusion rate of 1.2 mg/min) 
to achieve the maximal vasodilation and to 
abolish the functional components of cor -
onary resistances [12]. Then by using the 
 Ponemah Physiology Platform system 
(Gould Instrument Systems, Inc., Valley View, 
OH, USA) we acquired continually one lead 
ECG, LV pressure and volume, aortic pres -
sure, and coronary blood flow. The off-line 
data analysis was performed by a dedicated 
biosignal processing software package [13]. 
To evaluate the effects of the ventricular 
mechanics on phasic coronary blood flow, LV 
preload was changed by a transient inflation of 
a balloon catheter inserted into the inferior 
vena cava (caval occlusion manoeuvre). The 
caval occlusion produced a rapid reduction in 
LV volumes and pressures of the left ventricle 
and the aorta, also inducing a change in the 
coronary blood flow. The single variables, nor-
malized for cardiac cycle duration, and their 
changes during caval occlusion before adeno-
sine infusion are represented in Fig ure 1. 
The effects of caval occlusion on coronary 
blood flow were evaluated by analyzing cor-
onary flow-pressure loops in absence and in 
presence of adenosine. Caval occlusion per-
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formed during adenosine-induced coronary 
maximal vasodilation offers the occasion of 
studying the effects of different values of 
pressures and volumes on coronary circu-
lation without the interference of functional 
changes in coronary tone.  
The simulated data reproducing the in vivo 
data was obtained using CARDIOSIM© soft-
ware [9], which is able to repre sent the entire 
cardiovascular system with a lumped parame-
ters model. Figure 2 shows the general con-
figuration of the  numerical simulator for the 
left (right) ventricle and the left (right) passive 
atrium, while variables and parameters are re-
ported in Table 1. In the figure, the viscous 
properties of blood flow are represented by re-
sistors, while the inertial properties of blood 
flow are represented by inductances and the 
Fig. 1 Waveforms obtained during the in vivo experiment with caval oc-
clusion manoeuvre, before starting the intracoronary continuous adenosine 
infusion. The highest values of the shown variables correspond to the onset 
of the caval occlusion: during the manoeuvre each signal shows a progres -
sive decrease. Left ventricular pressure (left upper panel), coronary blood 
flow (right upper panel), aortic pressure (left lower panel) and left ventricu-
lar volume are presented. In each panel single variable has been synchron-
ized by ECG signal. The dedicated biosignal processing software package 
used for off-line data analysis automatically selected signal waveforms re-
moving dumped or noisy signals. 
elastic properties or compliance of the vessel 
walls by the capacitors model.  
According to studies presented in litera-
ture, the variable elastance model [14] repro-
duces Starling’s law of the heart for the con-
traction and the ejection phase (for both 
 ventricles). Reproducing the End Diastolic 
Pressure-Volume Relationship (EDPVR) by a 
sum of exponentials can simulate the filling 
phase of the ventricle [15, 16]. 
The right and left atria are described as 
 linear capacities characterized by constant 
values of compliance (Cra and Cla) and un-
stressed volume, i.e. the contractile activity of 
the atrium was neglected. 
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Fig. 2 Electric analogue of the numerical cardiovascular model 
 Resistance Compliance Inertance Pressure Flow 
 [mmHg·cm-3·sec] [cm3·mmHg-1] [mmHg·cm-3·sec2] [mmHg] [l·min-1] 
LEFT (RIGHT) HEART 
Left input (output) valve Rli (Rlo)     
Right input (output) valve Rri (Rro)     
Left (right) atrium  Cla (Cra)  Pla (Pra)  
Left input (output) flow     Qli (Qlo) 
Right input (output) flow     Qri (Qro) 
Left (right) ventricle    Plv (Prv)  
SYSTEMIC SECTION 
Systemic arterial section Ras, Ras1,Ras2, Ras Cas, Cas1, Cas2 Las, Las1, Las2 Pas, Pas1, Pas2  
Systemic venous section Rvs Cvs  Pvs  
PULMONARY SECTION 
Pulmonary arterial section Rap, Rcp Cap Lp Pap  
Rvp Pulmonary venous section 
Mean Thoracic Pressure  
Cvp 
 
 
 
Pvp 
Pt 
 
Table 1  
Legend of parame-
ters and variables 
used in CARDIOSIM© 
Inside the network, three modified wind-
kessel cells (Rcs, Ls, Cas, Rcs1, Ls1, Cas1, Rcs2, 
Ls2 and Cas2) [6, 7] together with variable 
systemic arterial resistance (Ras) represent 
the entire systemic arterial tree. The pressures 
in the arterial system include the root aortic 
pressure Pas, and two pressures Pas1 (tho-
racic tract) and Pas2 (abdominal tract). Pt 
represents mean intrathoracic pressure. 
Systemic venous section is reproduced by 
a single branch with a capacitor (Cvs) and a 
resistance (Rvs). Rvs value can be automati-
cally adjusted [6]. 
Pulmonary circulation is also modelled by 
windkessel (Rcp, Lp, and Cap) with adjust-
able resistor (Rap). A simple windkessel (Cvp, 
Rvp) represents pulmonary venous section 
[7, 8]. 
The connection of the ventricle to the 
 circulatory network is realized by means of 
valves, which are assumed to be ideal [7, 8]. 
The mitral and aortic valves are denoted by 
MV and AV, respectively. The tricuspid and 
pulmonary valves are denoted by TV and PV, 
respectively. When the left (right) atrial 
 pressure exceeds the left (right) ventricular 
pressure Pla > Plv (Pra > Prv), the mitral (tri-
cuspid) valve MV (TV) opens and the left 
(right) ventricle is filled with blood flowing 
through the resistance Rli (Rri). When the left 
(right) ventricular pressure exceeds the root 
aortic systemic (pulmonary arterial) pressure 
Plv > Pas (Prv > Pap), the aortic (pulmo -
nary) valve AV (PV) opens and blood flows 
into the systemic (pulmonary) arterial sec-
tion through the resistance Rlo (Rro).  
Coronary vessels supplying the left ven-
tricle originate at the output of the left ven-
tricle ending into the right atrium. The cor-
onary network (Fig. 3) is developed by 
lumped parameters representation based on 
the intramyocardial pump concept [10, 11]. 
This numerical model is subdivided into 
three parallel portions corresponding to the 
subendocardial, middle and subepicardial 
layers of the left ventricular wall. The large 
cardiac vessels are included in the model. The 
epicardial arteries, together with epicardium 
microcirculation, are included in the epicar-
dium layer (Fig. 3) – Ra1EPI, CaM1 and 
RaM1. Coronary veins and coronary sinus are 
included as well in epicardium layer –RvM1 
and CvM1. Table 2 lists the parameters and 
variables presented in Figure 3. A time-vary-
ing intramyocardial pressure, different for 
each layer, was applied through the intra-
myocardial capacitances Cm1, Cm2 and 
Cm3. Intramyocardial pressure, decreasing 
from subendocardium to subepicardium, is 
assumed to be proportional to left ventricular 
pressure. This effect was reproduced in the 
numerical model by changing the constant 
values (EndoK1, MidK1 and EpiK1). This 
way the model mimics (in all the layers) the 
decrease of arterial inflow and the increase of 
venous outflow in systole, by permitting also 
the reversal arterial inflow. The compliances 
CvM1, CvM2 and CvM3 are related to intra-
myocardial compression through a linear de-
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Fig. 3 Electric analogue of the coronary circulation. In the model coronary 
circulation was approximated using three parallel vascular branches, simu-
lating the microvascular network of the subendocardial, middle and subepi-
cardial layers of the left ventricular wall. The three parallel branches Epi, Mid 
and Endo with an identical structure have different values of resistance and 
extravascular compression. Table 2 shows variables and parameters used in 
the figure. 
pendence (by the constants EndoK2, MidK2, 
and EpiK2) on left ventricular pressure. This 
representation could give the possibility of 
mimicking severe pathophysiological con-
ditions. The constants EndoK2, MidK2, and 
EpiK2 for the simulations were set to zero. 
The equations used to solve the analogue net-
work representing the coronary circulation 
are listed in the Appendix. All were solved 
using Euler’s method, setting the integration 
step at 1 ms. Despite some limitations, Euler’s 
method permits to easily implement cyclic 
procedures as in the case of periodic physi-
ologic phenomena. With the fundamental 
frequency of about 1 Hz and considering the 
features of the circuit, an integration step of 
1 ms is enough to avoid spurious oscillations. 
In order to compare in vivo experimental 
data with those reproduced by the mathemat-
ical model, it was necessary to load appropri-
ately the coronary and ventricular model. This 
was achieved through the following steps: 
● setting HR equal to in vivo experimental 
value; 
●  adjusting the systemic peripheral resist -
ance (Ras) to obtain mean systemic ar -
terial pressure (Pas) equal to the in vivo 
 experimental value; 
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Variables and parameters Symbols 
Subepicardium  
Subepicardium arterial resistance Ra1EPI 
Subepicardium arteriolar compliance CaM1 
Subepicardium arteriolar resistance RaM1 
Subepicardium capillary compliance  Cm1 
Subepicardium venular resistance RvM1 
Subepicardium venular compliance CvM1 
Subepicardium venous resistance Rv1EPI 
Subepicardium coronary blood flow QRa1EPI 
Subepicardium blood flow QEpi1 
Subepicardium arteriolar blood flow QRaM1 
Subepicardium venular blood flow QRvM1 
Subepicardium venous blood flow QEpi2 
Subepicardium coronary pressure 
Subepicardium Capillary pressure 
Subepicardium venous pressure 
Constant 
Constant 
Middle layer 
Middle layer arterial resistance 
Middle layer arteriolar compliance 
Middle layer arteriolar resistance 
Middle layer capillary compliance  
Middle layer venular resistance 
Middle layer venular compliance 
Middle layer venous resistance 
Middle layer coronary blood flow 
Middle layer blood flow 
Middle layer arteriolar blood flow 
Middle layer venular blood flow 
Middle layer venous blood flow 
Middle layer venous blood flow 
Middle layer coronary pressure 
Middle layer Capillary pressure 
Middle layer venous pressure 
Constant 
Constant 
Pa1 
PaM1 
PvM1 
EpiK1 
EpiK2 
 
Ra1MID 
CaM2 
RaM2 
Cm2 
RvM2 
CvM2 
Rv1MID 
QRa1MID 
QMid1 
QRaM2 
QRvM2 
QMid2 
QRv1MID 
Pa2 
PaM2 
PvM2 
MidK1 
MidK2
Variables and parameters Symbols 
Subendocardium  
Subendocardium arterial resistance 
Subendocardium arteriolar compliance 
Subendocardium arteriolar resistance 
Subendocardium capillary compliance  
Subendocardium venular resistance 
Subendocardium venular compliance 
Subendocardium venous resistance 
Subendocardium blood flow 
Subendocardium arteriolar blood flow 
Subendocardium venular blood flow 
Subendocardium venous blood flow 
Subendocardium coronary pressure 
Subendocardium Capillary pressure 
Subendocardium venous pressure 
Constant 
Constant 
 
Ra1ENDO 
CaM3 
RaM3 
Cm3 
RvM3 
CvM3 
Rv1ENDO 
QEndo1 
QraM3 
QRvM3 
QEndo2 
Pa3 
PaM3 
PvM3 
EndoK1 
EndoK2
Table 2 Variables and parameters used in Figure 3 
●  setting the end-systolic value of the left 
ventricular elastance function (Ees) to the 
value calculated from experimental data; 
● adjusting the total coronary resistance 
value to the experimental one; 
●  adjusting the total blood volume to take 
into account the reduction in preload and 
the progressive emptying in the aorta. 
Results 
Figure 4 shows (upper panel) successive LV 
pressure-volume loops during experimental 
caval occlusion. During in vivo caval occlu-
sion the large rightmost left ventricular car-
diac loop (label A) moves to the left small 
loop (label C). The other loops (label B) rep-
resent the transient phase during the caval 
 occlusion. The lower panel shows two simu-
lated cardiac loops (thick lines) representing, 
respectively, the “starting” condition (label D) 
and the “final” caval occlusion condition 
(label E). The linear fitting of the end-systolic 
pressure-volume values of all the experi -
mental loops is described by the equation 
y = a · x + b. The coefficient a is the slope of the 
dashed line and represents the end-systolic 
value of the left ventricular elastance (Ees = 
1.23 mmHg · cm–3). The intercept with the 
volume axis (rest volume) was set to zero 
(b = 0). 
The simulator parameters were set with 
the values measured experimentally. 
The “starting” loop (label D) was obtained 
in the simulator by setting the main parame-
ters as follows: 
● Ees = 1.23 mmHg · cm
–3  
● heart rate (HR) = 75 beat · min–1 
● systemic peripheral resistance (Ras) = 
2840 g · cm–4 · s–1 to get mean systemic ar-
terial pressure (Pas) equal to 93.6 mmHg 
 
In order to reproduce the “final” loop (label 
E) in the simulator, we subtracted 800 ml to 
the total blood volume. In this way it was pos-
sible to take into account in the model the re-
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Fig. 4 The upper panel shows beat by beat LV pressure-volume loops 
measured during in vivo caval occlusion. Durig in vivo caval occlusion the 
large rightmost left ventricular cardiac loop (label A) moves to the left small 
loop (label C). Label A shows the “starting” condition prior the occlusion, 
label B shows the transient phase, and label C shows the final condition. In 
the lower panel, two simulated cardiac loops (thick lines) representing, re-
spectively, the “starting” condition (label D) and the “final” caval occlusion 
condition (label E) are reported. The slope of the dashed line represents the 
left ventricular elastance (Ees). LVP: left ventricular pressure. LVV: left ven-
tricular volume. 
Fig. 5 The upper panel shows beat by beat CBF-AoP (coronary blood flow-
aortic pressure) loops obtained during in vivo caval occlusion. Labels A, B and 
D show the “starting” condition prior the occlusion, the transient phase and 
the final condition respectively. The lower panel shows two simulated loops 
(thick lines) representing respectively the “starting” (label D) and the “final” 
caval occlusion (label E) conditions. The dashed regression line gives infor-
mation on the maximal diastolic coronary conductance during adenosine. 
duction in preload and the progressive emp-
tying in the aorta. 
Other parameters were set as follows: 
● Ees = 1.23 mmHg · cm
–3  
● heart rate (HR) = 71 beat · min–1 
● systemic peripheral resistance (Ras) = 
2334 g · cm–4 · s–1 to get mean systemic ar-
terial pressure (Pas) equal to 74.8 mmHg 
 
Figure 5 illustrates the sequence of coro -
nary flow-aortic pressure loops (CBF-AoP) 
obtained in vivo (upper panel) during caval 
occlusion. Labels A, B and D show the “start-
ing” condition prior the occlusion, the tran-
sient phase and the final condition respec -
tively. The lower panel shows two simulated 
loops (thick lines) representing respectively 
the “starting” (label D) and the “final” caval 
occlusion (label E) conditions. The simulated 
curves were reproduced by setting the pa -
rameters as previously described. The late-
 diastolic portion of the loops lies on the same 
line described by the regression (dashed) line 
y = ax + b. The coefficient a assumes the value 
a = 3.09 [ml · min–1 · mmHg–1] in the ex -
perimental loops and represents the maxi -
mal diastolic coronary conductance during 
 adenosine. The coefficient b takes the value 
b = 33.0 [ml · min–1].  
Figure 6 permits to evidence the “final” 
caval occlusion of coronary flow-aortic pres -
sure loop presented in Figure 5 (label E). The 
gray line represents the measured loop and 
the black line reproduces the loop obtained 
using the cardiovascular simulator. Both 
(measured and simulated) loops show a “fig-
ure of eight” morphology. Label A shows the 
first minimum in the simulated coronary 
blood flow, label B shows a small increase of 
the flow and label C evidences the second 
minimum in CBF. These two minima are evi-
dent in Figure 7 where are presented the ex-
perimental (thin line) and simulated (thick 
line) instantaneous CBF waveforms at the 
onset (upper panel) and at the end of vena 
cava occlusion transient (lower panel). In the 
lower panel the simulated CBF displays the 
two local minima (labels A and C).  
Discussion 
The present work aimed to validate a lumped 
parameters model of the coronary vascular 
network coupled with the systemic circu-
lation against experimental data. The pre-
liminary results demonstrated the capability 
of this numerical model to predict and repro-
duce time-varying changes of major ven-
tricular and coronary variables in the cardiac 
cycle during manipulation of ventricular 
loads. By fixing the starting and final values of 
a few hemodynamic parameters, the model 
was able to reproduce accurately both ab -
solute value changes and waveforms of LV 
pressure, volume, and coronary flow in differ-
ent conditions. The results suggest that the 
model correctly describes the interplay 
among these variables. 
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Fig. 6 In vivo (gray line) and simulated (black line) beat by beat CBF-AoP (coronary blood flow-aor-
tic pressure) loops representing the final condition (presented in Fig. 5) of the caval occlusion. Label A 
shows the first minimum in the simulated coronary blood flow, label B shows a small increase of the 
flow and label C evidences the second minimum in CBF. 
Fig. 7 Upper panel shows the instantaneous coronary blood flow waveforms measured (thin line) 
and simulated (thick line) before caval occlusion. Lower panel reproduces the CBF waveforms (in vivo 
and simulated) at the end of the caval occlusion manoeuvre. The simulated CBF, in the lower panel, pre -
sents two local minimums (labels A and C). It is possible to observe the presence of an inflection point 
in experimental data between the local minimums in simulated data. 
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Fig. 8 Schematic representation of coronary blood flow (CBF), aortic pressure (AoP), LV pressure 
(LVP) and volume (LVV) waveforms during a cardiac cycle (left side). Schematic CBF-AoP loop (right side) 
subdivided in 4 different phases along the cardiac cycle with systole being represented by segments 1 
(red) and 2 (yellow) and diastole by segments 3 (green) and 4 (cyan). The red segment (1) corresponds 
to the ventricular isometric contraction, the yellow segment (2) to the ejection period, segment 3 to re-
laxation and rapid ventricular filling. Finally, segment 4 corresponds to the late diastolic period in which 
coronary resistance becomes constant and flow linearly declines with the coronary driving pressure. 
The computer model of the cardiovascu-
lar system presented here has some obvious 
limitations. Every model is for definition of 
an abstract representation of a true phenom-
enon and, thus, also the most elaborate model 
will never give an exact reflection of the real 
situation. This is the case of CARDIOSIM© as 
well where the heart valves are modeled as 
ideal diodes. This kind of representation pro-
duces in the simulated cardiac loops, shown 
in Figure 4, a morphology characterized by 
the straight lines in correspondence of the 
ventricular isometric contraction and relax-
ation. This would be the case also in experi-
mental conditions provided that there is no 
leakage in the valves and no artefacts in ven-
tricular volume measurement. 
Experimental data come from a single ani-
mal, however many of the results are general 
and can be extended to different conditions. 
In fact, caval occlusion per se is an easy and re-
producible way of exploring a wide range of 
pressures and volumes, even if in a single ex-
periment. The preload modulation offered a 
suitable tool for developing and validating 
the described simulation model preliminari -
ly. It is to be remarked that, beyond this spe-
cific experiment, this methodology and this 
model can be applied – adjusting the model 
parameters – to different experimental con-
ditions and different species. 
Several authors analyzed the effects of 
wave reflections [17, 18] and used the concept 
of windkessel effect [19] to introduce a cor-
rection taking into account these phenom-
ena. In the present work our aim was to load 
properly the coronary model to analyze the 
CBF-AoP loops. Therefore, we did not take 
directly into account wave reflections, as it 
was enough for us to have the proper loading 
conditions at both sides of the coronary bed. 
The phasic nature of the coronary flow is a 
complex phenomenon: it is dependent on 
myocardial mechanics on one side, and on 
driving pressure – as well as anatomical archi-
tecture and functional tone – of the coronary 
muscular wall on the other. Manor et al. had 
already reported the possibility of identifying 
abnormalities in ventricular mechanics by 
changes in the shape of coronary flow wave 
[20]. In this respect the analysis of CBF-AoP 
loops appears even more favorable. By evalu-
ating the baseline morphology of the CBF-
AoP loops it is possible to schematically dis-
tinguish four segments or phases (Fig. 8), 
corresponding to the systole (phases 1 and 2) 
and the diastole (phases 3 and 4) of the car-
diac cycle. The phase 4 represents the late 
diastolic period in which coronary resistance 
becomes constant and flow linearly declines 
with the coronary driving pressure. The slope 
of this portion of the CBF-AoP loop during 
pharmacological vasodilation has been con-
sidered an index of maximal coronary con-
ductance, capable of assessing the hemody-
namic significance of coronary stenosis [3]. 
The drastic changes in coronary pressure-
flow loop morphology obtained in the pres-
ent study through the manipulation of ven-
tricular loading emphasize the strict inter -
relation between CBF and cardiac mechanics. 
Nevertheless, the lumped parameters model 
of coronary circulation was capable of repro-
ducing such changes by progressive trial and 
retrial adjustments of coronary and non-
 coronary parameters. 
Taken together, the results of this study 
seem to support the idea that, aside from con-
sidering the slope of the upper portion of the 
CBF-AoP loop as an index of coronary con-
ductance during late diastole, the analysis of 
the remaining portions of the loop could be 
used as applied to a “sensor” of ventricular 
contraction and relaxation and ventricular 
volume. As a matter of fact, the present study 
clearly shows that the morphology of the 
input coronary flow wave is highly sensitive to 
the effects of ventricular mechanics on intra-
mural vasculature. In this setting, simulated 
data is likely to shed light on the role of key 
ventricular factors (inotropic state, wall 
stress, elastance and geometry) on the modu-
lation of coronary blood flow – aside from the 
classical domain of maximal coronary dias-
tolic conductance and coronary flow reserve. 
However, the validation of this approach will 
require further experimental and clinical 
studies by means of tools other than caval 
 occlusion, both during modulation of car -
diac mechanics and during pharmacological 
interventions affecting myocardial intrinsic 
properties and/or coronary dynamics. 
© Schattauer 2009 Methods Inf Med 2/2009
121 De Lazzari et al.: Computer Simulation of Coronary Flow Waveforms during Caval Occlusion
References  
1. Mosher P, Ross J, McFate PA, Shaw RF. Control of 
coronary blood flow by an autoregolatory mecha -
nism. Circ Res 1964; 14: 250–259. 
2.  Mancini GB, Cleary RM, DeBoe SF, Moore NB, Gal-
lagher KP. Instantaneous hyperemic flow-versus-
pressure slope index: Microsphere validation of an 
alternative to measures of coronary reserve. Circu-
lation 1991; 84: 862–870. 
3. Di Mario C, Kramas R, Gil R, Serruys PW. Slope of 
the instantaneous hyperemic diastolic coronary 
flow velocity-pressure relation. A new index for as-
sessment of the physiological significance of coro -
nary stenosis in humans. Circulation 1994; 90: 
1215–1224. 
4. Steele BN, Jing W, Ku JP, Hughes TJR, Taylor CA. In 
vivo validation of a one-dimensional finite-element 
method predicting blood flow in cardiovascular by-
pass grafts. IEEE Trans Biomed Eng 2003; 50 (6): 
649–656. 
5. Ku DN. Blood flow in arteries. Annual Review of 
Fluid Mechanics 1997; 29: 399–434. 
6. Ferrari G, De Lazzari C, Mimmo R, Tosti G, Ambro-
si D. A modular numerical model of the cardio -
vascular system for studying and training in the 
field of cardiovascular physiopathology. J Biomed 
Eng 1992; 14: 91–107.  
7. De Lazzari C, Darowski M, Wolski P, Ferrari G, Tosti 
G, Pisanelli DM. In Vivo and Simulation Study of 
Artificial Ventilation Effects on Energetic Variables 
in Cardiosurgical Patients. Methods Inf Med 2005; 
44 (1): 98–105. 
8. De Lazzari C, Darowski M, Ferrari G, Pisanelli DM, 
Tosti G. Modelling in the study of interaction of 
 Hemopump device and artificial ventilation. Com-
put Biol Med 2006; 36 (11): 1235–1251. 
9. De Lazzari C, Ferrari G. Right ventricular assistance 
by countinuous flow device: a numerical simu-
lation. Methods Inf Med 2007; 46 (5): 530–537. 
10. Spaan JA, Nreuls NP, Laird JD. Diastolic-systolic 
coronary flow differences are caused by intramyo -
cardial pump action in the anesthetized dog. Circ 
Res 1981; 49: 584–593. 
11. Spaan JA, Nreuls NP, Laird JD. Forward coronary 
flow normally seen in sistole is the result of both 
forward and concealed back flow. Basic Res Cardiol 
1981; 76: 582–586. 
12. Micalizzi M, Conforti F, Macerata A, Passino C, 
 Varanini M, Emdin M. Remote biosignal monitor-
ing, display, online analysis and retrieval. Comput 
Cardiol 2001; 28: 557–560. 
13. L’Abbate A, Camici P, Trivella MG, Pelosi G, Davies 
GJ, Ballestra AM, Taddei L. Time dependent re-
sponse of coronary flow to prolonged adenosine 
 infusion: doubling of peak reactive hyperaemic 
flow. Cardiovasc Res 1981; 15 (5): 282–286.  
14. Sagawa K, Maughan L, Suga H, Sunagawa K. Car-
diac contraction and the Pressure-Volume relation-
ships. Oxford University Press, New York 1988. 
15. Gilbert JC, Glantz SA. Determinants of left ven-
tricular filling and of the diastolic pressure volume 
relation. Circ Res 1989; 64: 827–852. 
16. De Lazzari C, L’Abbate A, Trivella MG, et al. Model-
ling Cardiovascular System and Mechanical Circu-
latory Support. Edited by C. De Lazzari. National 
Research Council Press, Rome 2007. 
17. Matthys KS, Alastruey J, Peiro J, Khir AW, Segers P, 
Verdonck PR, Parkerb KH, Sherwin SJ. Pulse wave 
propagation in a model human arterial network: 
Assessment of 1-D numerical simulations against 
in vitro measurements. J Biomech 2007; 40: 
3476–3486. 
18.  Khir AW, Parker KH. Measurements of wave speed 
and reflected waves in elastic tubes and bifur-
cations. J Biomech 2002; 35: 775–783. 
19.  Wang JJ, Parker KH. Wave propagation in a model 
of the arterial circulation. J Biomech 2004; 37: 
457–470. 
20. Manor D, Shofti R, Sideman S, Beyar R. Quanti-
tative sorting of normal and abnormal coronary 
flow wave form shapes. IEEE Trans Biomed Eng 
1994; 41.
Methods Inf Med 2/2009 © Schattauer 2009
122 De Lazzari et al.: Computer Simulation of Coronary Flow Waveforms during Caval Occlusion
Appendix 
Equations Used to Solve the Analogue Network Representing the Coronary Circulation 
